This work explores resistive switching mechanisms in non-volatile organic memory devices based on tris(8-hydroxyquinolie)aluminum (Alq 3 ). Advanced characterization tools are applied to investigate metal diffusion in ITO/Alq 3 /Ag memory device stacks leading to conductive filament formation. The morphology of Alq 3 /Ag layers as a function of the metal evaporation conditions is studied by X-ray reflectivity, while depth profile analysis with X-ray photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry is applied to characterize operational memory elements displaying reliable bistable current-voltage characteristics. 3D images of the distribution of silver inside the organic layer clearly point towards the existence of conductive filaments and allow for the identification of the initial filament formation and inactivation mechanisms during switching of the device. Initial filament formation is suggested to be driven by field assisted diffusion of silver from abundant structures formed during the top electrode evaporation, whereas thermochemical effects lead to local filament inactivation. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
Two terminal organic and hybrid resistive switching (RS) memories are promising candidates to develop routes towards high performance, easy-to-process, flexible, and non-volatile memories. The hybrid layer is typically fabricated by incorporating metal nanoparticles (NPs) in an organic matrix based on insulating or semiconducting polymers or small semiconducting molecules. Alternatively, a thin (discontinuous) intermediate metal layer is evaporated within the organic layer. 1, 2 Hybrid RS devices based on metal NPs dispersed in tris(8-hydroxyquinoline) aluminum (Alq 3 ) have been widely reported in the literature, showing reliable switching properties, stable performances during prolonged cycling, and multi-bit storage capability making them suitable for different applications. 3 The RS mechanism in hybrid memories is still highly debated as it was associated to very different phenomena such as electrically induced conformational changes 4 and charge trapping in the NPs, [5] [6] [7] [8] [9] or to the formation of localized highly conductive paths, usually referred to as conductive filaments (CFs). [10] [11] [12] [13] [14] RS was recently shown to rely on CFs formation by modelling the electrical characteristics in a number of organic and hybrid memory structures. In particular, it was shown that metal/ Alq 3 /metal devices behave very similar as compared to hybrid devices based on Alq 3 containing metallic intermediate layers. [15] [16] [17] [18] [19] As compared to hybrid devices in organic devices, CFs are thought to form by metal diffusion during an electroforming step, after which bistability is typically observed. 20 While in crystalline organic semiconductors metal diffusion was correlated to the organic layer morphology and the metal deposition conditions, [21] [22] [23] [24] [25] in amorphous organic layers, such as Alq 3 , metal diffusion has been rarely investigated. 26 The scarce analytical characterization, together with the rare studies on structural and/or compositional changes occurring during memory operation, 27 is probably at the origin of misinterpretations concerning the RS mechanism. Recent experiments with techniques such as conducting atomic force microscopy (AFM) 28, 29 and transmission electron microscopy (TEM) [30] [31] [32] [33] have succeeded in showing the presence of CFs. However, these challenging and time consuming experiments do not provide access to crucial information such as the spatial distribution of CFs, their composition, section, and dynamics during memory operation. For well-established inorganic resistive memories, CFs have been experimentally characterized [34] [35] [36] and are known to form by the field induced migration of metals or oxygen. 37 In ITO/Alq 3 /Al memory devices, CFs were suggested to grow from metal nano-tips formed during the top electrode deposition; 19 however, no experimental evidence has been provided so far.
This work is dedicated to the investigation of metal diffusion and CF formation in Alq 3 based memories. The morphology and structural properties of hybrid Alq 3 /Ag layers are characterized by X-ray reflectivity (XRR) as a function of the metal evaporation conditions. As-deposited and electrically cycled ITO/Alq 3 /Ag memory elements, displaying reliable switching properties, are characterized with X-ray photoelectron spectroscopy (XPS) depth profiling and 3D a)
Electronic mail: yan.busby@unamur.be b) imaging with dual beam time-of-flight secondary ions mass spectrometry (ToF-SIMS) to investigate metal diffusion and CF formation. 38, 39 ToF-SIMS analysis is performed with low energy Cs (þ) ions which ensure low radiation damages and high ionization yields in negative polarity mode. Moreover, sputtering with Cs (þ) ions has been shown to inhibit crosslinking by radical extinction, and convenient sputtering rates are obtained on both metals and organic layers. 40 The results clearly indicate the presence of CFs and allow for the interpretation of their evolution during memory operation.
II. EXPERIMENTAL
A. XRR measurements X-ray specular reflectivity (XRR) is applied to study the surface and interface morphology on Si/SiO x /Alq 3 /Ag hybrid samples. A systematic study has been carried by depositing by thermal evaporation a 15 nm thick silver layer on the top of Alq 3 at deposition rates ranging from R 1 ¼ 0.2 Å /s (sample S1) to R 2 ¼ 10 Å /s (sample S2). Additionally, a reference measurement is carried on the bare Alq 3 layer (sample S3). The XRR data are acquired on a GE XRD 3003TT diffractometer using Cu Ka1 radiation (k ¼ 0.151 nm) and are simulated by a three-layers model in Parratt formalism (GenX software 41 ). The electron density and roughness of the underlying SiO x layer are evaluated on a measurement on the bare substrate (q SiOx ¼ 0.675 Å À3 and r SiOx ¼ 0.20 6 0.02 nm).
B. Device fabrication and testing
Glass/ITO substrates are cleaned in class 6 clean room using standard protocol ensuring a final roughness (Rq) <2 nm; then a 300 nm thick Alq 3 layer is UHV evaporated at 0.1 nm/s, and finally a 500 Â 500 lm 2 silver top electrode is thermally evaporated in-situ through a shadow mask at a rate of 1 nm/s. Electrical measurements are performed with an Agilent B1500A Parameter Analyzer at room temperature, in a glove box with controlled argon atmosphere (O 2 < 1 ppm and H 2 O < 1 ppm). I-V scans are made by biasing the top electrode and measuring the current with a sweep rate of 200 ms and voltage steps of 0.1 V. Reliable switching was obtained after a short forming procedure by repeated cycling of the device, or alternatively, in the application of voltage pulses (>15 V) in the milliseconds range.
C. Depth profile analyses
Memory devices are depth profiled with XPS (ESCALAB 250Xi spectrometer by Thermo Scientific) to quantify the metal content and evaluate its vertical distribution within the organic layer. Depth profiles are built by alternating ion beam sputtering with 1 keV Ar (þ) and XPS high resolution analysis with a 300 Â 300 lm 2 monochromatic X-ray beam centered in the sputtering area. Profiles showing the elemental composition (atomic percentage, at. %) as a function of the sputtering time (s) are converted into the more practical composition vs depth (nm) by successively measuring the crater depth with a stylus profilometer (Dektak). Memory elements set in different resistance states have been analyzed with ToF-SIMS 3D chemical imaging with a dual beam TOF-SIMS IV (IONTOF). 3D images are generated by alternating 2D imaging with Bi 3 (þ) beam at 25 keV and sputtering with low energy (500 eV) Cs (þ) ions in a so-called non-interlaced mode. The analysis is performed on 100 Â 100 lm 2 area, with an in-plane resolution of about 1 lm, an in-depth resolution of about 1 nm, and a mass resolution of M/DM $ 5000.
III. RESULTS AND DISCUSSION
A. Characterization of Alq3/Ag hybrid layers XRR analysis is carried to study the surface and interface morphology of Si/SiO x /Alq 3 /Ag hybrid layers. The main results are shown in Figure 1 (a) where the signal intensity is displayed as a function of the momentum transfer perpendicular to the sample surface (q z ); both high (see the inset) and low frequency oscillations can be identified, resulting, respectively, from the Alq 3 and Ag layer thickness oscillations (the SiO x substrate being unresolved). The low frequency oscillations are clearly more damped in sample S1, indicating a higher interface roughness. The deduced structural parameters of samples S1-S3 are listed in Table I . The structural data for intermediate evaporation rates fall into these extreme values. Interestingly, the surface roughness in S1 (slowest deposition rate) is found to be 1.7 times higher than in S2 (highest deposition rate). From the electron density profiles in Figure 1(b) , the electron density of the silver layer in S1 is found to be 6% lower compared to S2 or bulk silver, indicating that a slower deposition rate leads to a rougher and slightly more porous metal layer. The Alq 3 /Ag interface roughness (r Alq3 ) is found to be weakly dependent Table I . The simulations for S1 and S2 based on a threelayer model (two for S3) are shown by continuous lines. Data have been vertically shifted for helping the comparison. The inset shows a magnified view of the XRR thickness oscillations in the indicated q z interval. (b) Electron density profiles (S1 in red, S2 in blue, and S3 in magenta line) along the vertical direction z as derived from the best fit parameters of the XRR data. from the evaporation conditions, being only 18% higher than the surface roughness of a bare Alq 3 layer. This suggests that a modest (homogeneous) silver diffusion occurs during the evaporation process. 42 On the other hand, by lowering of the deposition rate, a proportional decrease in the Ag density is observed. This suggests that silver diffusion does not take place along a laterally averaged diffusion profile, as modeled by Fick's law, but it rather involves a localized diffusion along statistically distributed paths. This local diffusion results to be stronger for slow deposition rates.
B. Memory devices characteristics
Figure 2(a) shows the typical I-V curves obtained after the forming step: at a low read-out voltage, stable high and low resistance states (HRS and LRS) are observed. At the threshold voltage, typically occurring between 2.5 and 3.5 V, the device switches from its HRS to its LRS which corresponds to the memory set. The threshold is followed by a negative differential resistance (NDR) region where the current decreases while increasing the bias. A voltage pulse applied at the end of the NDR region sets the device back into its HRS (erase voltage). It has been already shown that, by applying a bias value within the NDR region, it is possible to program non-volatile intermediate resistance states between the HRS and LRS. 6, 8 The same behavior was clearly observed in our single layered memory device (Figure 2(a) ), therefore allowing for multi-bit storing. In addition, Figure  2 (b) shows the reliability and endurance of such a basic memory device during a cycling test. The cycle consists of the subsequent application of the identified 1s bias pulses, namely, the write (þ3 V), read (þ1 V), erase (þ6.5 V), and read voltages. Although some variations of the absolute current levels can be observed in the HRS, a clear discrimination between states is always obtained. The HRS variation can be well explained based on our interpretation of the switching mechanism and will be discussed later. The retention time of the devices has been tested by repeated measurements in different devices in different conductive states over time, and no change of the individual state has been observed over a test period of 2 yr. Hence, it is fair to state that a retention time longer than 2 yr may be assigned.
C. Depth profile analysis
The compositional changes induced by I-V testing have been monitored by comparing the XPS depth profiles of silver, carbon, and indium in as-deposited (Figure 3(a) ) and electrically addressed (Figures 3(b) and 3(c) ) memory elements. Starting from a depth of about 50 nm under the Alq 3 / Ag interface, the atomic percentage of silver with respect to carbon drops to about 0.01%; an accurate peak fitting procedure of the Ag3d doublet was necessary to identify such a weak XPS signal corresponding to a surface density of about 10 11 atoms/cm 2 or, equivalently, to an average bulk doping of $5 Â 10 18 at/cm 3 . Silver and indium (opposite) diffusion is found to be slightly enhanced by the I-V cycling; however, quantification, imaging, or chemical analysis were not possible with such low signals. Interestingly, a higher oxygen content (O at.% > 4%) is found in the Alq3 layer in cycled devices with respect to the pristine one (O at.% < 3%). The very low oxide component in the Ag3d high resolution spectra suggests that the oxygen diffusion comes from the ITO layer. Dual beam ToF-SIMS 3D analysis is carried on pristine and cycled memory elements allowing for a higher sensitivity and spatial resolution. 3D reconstructions are built from the 2D images of the full mass spectrum acquired at each profile step. Molecular ions can be subsequently selected from the mass spectrum and their 3D distribution can be displayed within the total analysis volume. In particular, Ag (À) XY maps can be built by integrating, and projecting on the XY plane, the Ag (À) 2D images acquired through the whole depth profile. Silver XY maps are shown in Figure 4 for a pristine (Figure 4(a) ) and electrically addressed memories (Figures 4(b) and 4(c) ). Multiple micron-size spots of distributed intensities can be identified, indicating regions where a localized (filamentary) silver diffusion occurred. Cross section reconstructions along YZ direction are shown in Figures  5(a)-5(c) . It allows to visually evaluating the Ag (À) diffusion depth in the filament region (the YZ cuts are indicated by the vertical lines in Figure 4) . Interestingly, for the most intense spots, the Ag diffusion is found to extend almost till the bottom electrode with fairly similar intensities. A closer look at the CF region in as-deposited, cycled-LRS and cycled-HRS devices allowed for identifying what we interpreted as pre-filaments, inactivated filaments, and a possibly active filament. This is shown by the profile reconstructions in Figure 5 . ToF-SIMS being a semi-quantitative analysis, the signals in the profiles have been normalized to the Ag (À) intensity on the top electrode in order to more easily compare the profiles obtained in the different samples/states. In as-deposited memory elements, almost complete (pre-) filaments are found to extend up to 200 nm beneath the Alq 3 /Ag interface, leaving a small gap between the end of the silver tip, acting as a virtual cathode, and the ITO bottom electrode (Figures 5(a) and 5(d) ). In cycled devices, the most intense spots correspond to CFs clearly reaching the bottom electrode. The Ag signal measured in the ITO layer (Figures 5(b) and 5(e)) is likely to be amplified by the presence of the oxygen rich matrix and by a possible higher Cs implantation; both effects are well known to enhance the ionization yield of negative ion species. In cycled-HRS devices, those CFs are always characterized by a significant drop on the Ag (À) intensity close to the Ag/Alq 3 interface suggesting that a local breakdown of the CF occurred (Figures 5(b) and 5(e) ). The local increase of the signals intensities from oxygen, sulfur, and the molecular ion identified with silver oxide/sulfide (AgSO (À) and AgO 3 (À) at 155 amu) points towards a filament inactivation process associated with a local oxidation of the CF. In the ToF-SIMS, profile silver from AgO contributes to the overall Ag (À) intensity which is measured in the breakdown region. To our knowledge, this is the first experimental evidence of CF inactivation mechanism in organic memories. In inorganic memories, CF growth and erase have been recently directly observed by AFM tomography and by TEM on planar devices. [43] [44] [45] In the cycled-LRS device, we could identify a slightly lower intense CF not showing any Figure 5 . XY maps can also be used to select the filament region and successively reconstruct the ToF-SIMS depth profile of proper molecular ions in the selected volume. significant drop of the Ag (À) signal. The absence of a drop in the Ag profile and the absence of peaks related to AgO are considered as a good indication for a connected/active CF. It has been shown that in a multi metal island system, the LRS can be sustained by tunneling through islands separated by 2-5 nm gaps. 44 Concerning the CF section, a close look to the filament region indicates a radial distribution of Ag (À) ; this points towards an effective filament section smaller than our in-plane resolution ($1 Â 1 lm 2 ) in agreement with the very low Ag at. % measured with XPS. Finally, the abundance of Ag (À) spots visible in the integrated XY maps, with distributed intensities, suggest that the conductivity in the LRS state may be supported by a distribution of CFs (with distributed resistivities) which are successively activated by metal drift through the small gap between the Ag virtual cathodes and the bottom electrode. However, the formation of a continuous metal path through which most of the current would flow limits the formation of other fully connected CF and justifies the very low variability of the LRS current which is observed in the cycling test. When biasing the devices in the post-threshold region, starting from highest conductive paths, CFs are suggested to undergo local electrochemical breakdown (associated with the drift of the oxygen and sulfur), giving rise to the NDR behaviour. In principle, low-conducting paths could be established when biasing in the post-threshold (NDR) region, so that a dynamic equilibrium between the CFs which are formed and ruptured is established. 46 At the end of the NDR region, CFs cannot anymore sustain the current which flows only through isolated metal islands within the organic layer. The high device endurance suggests that the same conductive path is possibly recovered at the subsequent cycle, as soon as charges released at the filament breakdown are relaxed.
IV. CONCLUSIONS
Metal diffusion is investigated in hybrid Alq 3 /Ag films and in ITO/Alq 3 /Ag organic resistive memories. XRR analysis allowed correlating the evaporation conditions to the morphology of hybrid layers, showing that the interfaces are abrupt and the average diffusion of silver is weakly dependent from the evaporation rate (in the considered range); however, the presence of inhomogeneous diffusion is suggested by the decrease in the metal porosity which is observed at lower evaporation rate; this interesting fact indicates that the evaporation rate is likely to influence the switching behavior, in particular, the forming step and the resistivity in the HRS; we think that a systematic study on this phenomenon would be highly desirable; however, it is beyond the scope of the present work. ITO/Alq 3 /Ag organic memories displaying regular unipolar bistable I-V characteristics and multi-bit storage capability have been characterized. In particular, programming capability with pulsed biasing was demonstrated in an endurance cycling test. Thanks to their very basic structure, consisting of only few chemical components, such devices were ideal candidates for the combined XPS and ToF-SIMS analyses. ToF-SIMS 3D imaging was performed on as-deposited devices showing the presence of ready-toswitch silver pre-filaments extending up to 200 nm in the Alq 3 layer. In our interpretation, the significant variability of the HRS conductivity relies on a conduction mechanism based on tunneling through multiple disconnected metal islands paths, on the other hand, in the LRS, one (or few) fully bridged CFs provide an ohmic path between the electrodes. In the NDR region, a local breakdown/oxidation of the CF occurs and a dynamic equilibrium may be established between the ruptured and formed CFs with distributed resistivities. Our results and interpretation are in close agreement with what has been recently observed in inorganic memoristors in which the NDR behaviour is explained by a process progressive degradation of (large) CFs. 44 This work clearly demonstrates the high potential of depth profile techniques for the characterization of CFs in resistive switching memory stacks. Given the similarity, we suggest that CFs formation should also be taken into account when designing light emitting and photovoltaic organic electronic devices based on metallized thin organic layers.
